The regulation of intracellular localization of AFX, a human Forkhead transcription factor, was studied. AFX was recovered as a phosphoprotein from transfected COS-7 cells growing in the presence of FBS, and the phosphorylation was eliminated by wortmannin, a potent inhibitor of phosphatidylinositol (PI) 3-kinase. AFX was phosphorylated in vitro by protein kinase B (PKB), a downstream target of PI 3-kinase, but a mutant protein in which three putative phosphorylation sites of PKB had been replaced by Ala was not recognized by PKB. In Chinese hamster ovary cells (CHO-K1) cultured with serum, the AFX protein fused with green fluorescence protein (AFX-GFP) is localized mainly in the cytoplasm, and wortmannin induced transient nuclear translocation of the fusion protein. The AFX-GFP mutant in which all three phosphorylation sites had been replaced by Ala was detected exclusively in the cell nucleus. AFX-GFP was in the nucleus when the cells were infected with an adenovirus vector encoding a dominantnegative form of either PI 3-kinase or PKB, whereas the fusion protein stayed in the cytoplasm when the cells expressed constitutively active PKB. In CHO-K1 cells expressing AFX-GFP, DNA fragmentation was induced by the stable PI 3-kinase inhibitor LY294002, and the expression of the active form of PKB suppressed this DNA fragmentation. The phosphorylation site mutant of AFX-GFP enhanced DNA fragmentation irrespective of the presence and absence of PI 3-kinase inhibitor. These results indicate that the nuclear translocation of AFX is negatively regulated through its phosphorylation by PKB. P hosphatidylinositol (PI) 3-kinase mediates the signal from various growth factors to regulate cell proliferation and survival (1, 2). A Ser/Thr protein kinase, termed protein kinase B (PKB) or Akt, is identified as a downstream target of PI 3-kinase. This protein kinase is activated by interaction of its pleckstrin homology domain with PI 3-kinase products and/or by phosphorylation of its catalytic domain by some upstream protein kinases (3, 4). The potential role of PKB in insulin action has been explored extensively (2-4). In Caenorhabditis elegans, DAF-2, AGE-1, and Ce-Akt, which are homologues of the mammalian insulin receptor, p110 catalytic subunit of PI 3-kinase, and PKB, respectively, have been isolated (5-7). In this organism, DAF-16, a transcription factor containing the Forkhead motif, is a major downstream target of the AGE-1/ Ce-AKT signaling cascade (7-9). This protein is shown to mediate insulin-like metabolic and longevity signals, and genetic analysis reveals that the AGE-1/Ce-AKT pathway suppresses the activity of DAF-16 for gene transcription. DAF-16 contains three repeats of the consensus sequence for phosphorylation by PKB (10), ArgXaa-Arg-Xaa-Xaa-Ser/Thr, where Xaa is any amino acid, and thus this protein is thought to be a direct target of Ce-Akt (7).
The regulation of intracellular localization of AFX, a human Forkhead transcription factor, was studied. AFX was recovered as a phosphoprotein from transfected COS-7 cells growing in the presence of FBS, and the phosphorylation was eliminated by wortmannin, a potent inhibitor of phosphatidylinositol (PI) 3-kinase. AFX was phosphorylated in vitro by protein kinase B (PKB), a downstream target of PI 3-kinase, but a mutant protein in which three putative phosphorylation sites of PKB had been replaced by Ala was not recognized by PKB. In Chinese hamster ovary cells (CHO-K1) cultured with serum, the AFX protein fused with green fluorescence protein (AFX-GFP) is localized mainly in the cytoplasm, and wortmannin induced transient nuclear translocation of the fusion protein. The AFX-GFP mutant in which all three phosphorylation sites had been replaced by Ala was detected exclusively in the cell nucleus. AFX-GFP was in the nucleus when the cells were infected with an adenovirus vector encoding a dominantnegative form of either PI 3-kinase or PKB, whereas the fusion protein stayed in the cytoplasm when the cells expressed constitutively active PKB. In CHO-K1 cells expressing AFX-GFP, DNA fragmentation was induced by the stable PI 3-kinase inhibitor LY294002, and the expression of the active form of PKB suppressed this DNA fragmentation. The phosphorylation site mutant of AFX-GFP enhanced DNA fragmentation irrespective of the presence and absence of PI 3-kinase inhibitor. These results indicate that the nuclear translocation of AFX is negatively regulated through its phosphorylation by PKB. P hosphatidylinositol (PI) 3-kinase mediates the signal from various growth factors to regulate cell proliferation and survival (1, 2) . A Ser/Thr protein kinase, termed protein kinase B (PKB) or Akt, is identified as a downstream target of PI 3-kinase. This protein kinase is activated by interaction of its pleckstrin homology domain with PI 3-kinase products and/or by phosphorylation of its catalytic domain by some upstream protein kinases (3, 4) . The potential role of PKB in insulin action has been explored extensively (2) (3) (4) . In Caenorhabditis elegans, DAF-2, AGE-1, and Ce-Akt, which are homologues of the mammalian insulin receptor, p110 catalytic subunit of PI 3-kinase, and PKB, respectively, have been isolated (5) (6) (7) . In this organism, DAF-16, a transcription factor containing the Forkhead motif, is a major downstream target of the AGE-1/ Ce-AKT signaling cascade (7) (8) (9) . This protein is shown to mediate insulin-like metabolic and longevity signals, and genetic analysis reveals that the AGE-1/Ce-AKT pathway suppresses the activity of DAF-16 for gene transcription. DAF-16 contains three repeats of the consensus sequence for phosphorylation by PKB (10), ArgXaa-Arg-Xaa-Xaa-Ser/Thr, where Xaa is any amino acid, and thus this protein is thought to be a direct target of Ce-Akt (7) .
Some members of the Forkhead family of human transcription factors, FKHR (11), its related gene products (FKHRL1 and FKHR1) (12, 13) , and AFX (14, 15) , are structurally related to the Nematoda DAF-16 protein. All of these human proteins conserve the three potential sites for PKB phosphorylation. Recent studies strongly suggest that these proteins are downstream targets of the PI 3-kinase pathway, and their nuclear localization is negatively regulated by phosphorylation by PKB. Namely, FKHRL1 is phosphorylated by PKB to promote cell survival by suppressing its transcriptional activity, and site-directed mutagenesis of the three potential sites retains this protein within the nucleus, as judged by immunohistochemistry (16) . Similarly, FKHR is shown to serve as a substrate of PKB, and its transcriptional activity is negatively regulated by this phosphorylation (17) (18) (19) . More recently, FKHR1, another member of the FKHR subclass of the Forkhead family, was shown to be phosphorylated by PKB to negatively regulate the transcriptional activity, and its nuclear export is induced by its phosphorylation (13) .
On the other hand, AFX, another entity of the mammalian Forkhead proteins, is recently shown to serve as a substrate of PKB both in vitro and in vivo, and its transcriptional activity is inhibited by phosphorylation (20) . We describe here that the subcellular distribution of AFX is regulated by PKB in the PI 3-kinase signaling pathway by visualizing the intracellular localization of this protein fused with green fluorescence protein (GFP). The role of AFX was also studied by monitoring DNA fragmentation in cells expressing an AFX protein with mutated phosphorylation sites.
Materials and Methods
Cell Culture. African green monkey COS-7 and Chinese hamster ovary cells (CHO-K1) were maintained in DMEM and Ham's F-12 medium, respectively, supplemented with 10% FBS at 37°C in a 5% CO 2 /95% air incubator. Sf-9 cells were cultured in Grace's insect medium containing yeastolate, lactalbumin hydrolysate, and glutamine (GIBCO/BRL), supplemented with 10% FBS.
Expression Vectors. The cDNA of human AFX (14) was isolated from a human brain cDNA library (CLONTECH) by PCR. The full-length AFX was introduced into pTB701-FLAG (21) and BS340 (22) vectors. The resulting mammalian expression plasmids having the FLAG-epitope tag sequence at the NH 2 terminus and the GFP sequence at the COOH terminus are designated FLAG-AFX and AFX-GFP, respectively. Three putative phosphorylation sites of AFX (10), Thr-28, Ser-193, and Ser-258 (14) , were each replaced by Ala through site-directed mutagenesis, and the resulting point mutants were referred to as T28A, S193A, and S258A, respectively. The mutant molecule having Ala at all of these three sites, was designated triple mutant. These mutants were introduced into BS340 vector. The DNA sequences of these constructs were confirmed by the dideoxynucleotide chain-termination method by using a DNA Sequencing System model 373A (Applied Biosystems). COS-7 and CHO-K1 cells were transfected with each expression plasmid by electroporation by using Gene Pulser (BioRad) and by a polyamine transfection reagent Trans IT (Panvera, Madison, WI), respectively. The expression construct of the glutathione S-transferase (GST)-fusion protein of rat PKB␣, designated GST-PKB␣ (23), was cloned into pAcGHLT vector (PharMingen), and was recombined into the Autographa california strain of the Abbreviations: PI, phosphatidylinositol; PKB, protein kinase B; GFP, green fluorescence protein; GST, glutathione S-transferase; CHO, Chinese hamster ovary. § To whom reprint requests should be addressed. E-mail: ukikkawa@kobe-u.ac.jp.
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nuclear polyhedrosis virus (AcNPV) by using a Baculogold transfection kit according to the manufacturer's protocol (PharMingen). A baculovirus that encodes the catalytic subunit of PI 3-kinase (p110␣) (24) was kindly provided by M. D. Waterfield (Ludwig Institute for Cancer Research, London). Adenovirus vectors encoding the dominant-negative PI 3-kinase (AxCA⌬p85) (25) , the dominant-negative PKB (AxCAAkt-AA) (25) , and the active form of PKB (AxCAMyr-Akt) (26) were prepared as described, and the control virus encoding ␤-galactosidase (AxCALacZ) was kindly provided by I. Saito (University of Tokyo).
Immunoprecipitation. The following procedures were carried out at 0-4°C. After washing with PBS, the cells were lysed in 20 mM Tris⅐HCl (pH 7.5) containing 1 mM EDTA, 1 mM EGTA, 10 mM 2-mercaptoethanol, 1% Triton X-100, 150 mM NaCl, 10 mM NaF, 1 mM Na 3 VO 4 , and 50 g/ml PMSF. The lysate was centrifuged, and the supernatant was incubated for 1 h with either an anti-FLAG mAb (Sigma) or an anti-GFP polyclonal Ab (A-6455; Molecular Probes). Then, protein A-Sepharose (Pharmacia) was added to the mixture and incubated for 30 min. The immunoprecipitates were collected by centrifugation and washed four times each time with 20 mM Tris⅐HCl (pH 7.5) containing 150 mM NaCl and 1% Triton X-100.
Immunoblot Analysis. Immunoblot analysis was carried out as described (27) . Anti-GFP Ab, anti-FLAG Ab, anti-p85 subunit of PI 3-kinase Ab (28), or anti-PKB Ab (25) was employed as the primary Ab. The anti-p85 subunit of PI 3-kinase Ab was kindly provided by Y. Fukui (University of Tokyo). Alkaline phosphatase-conjugated anti-rabbit or anti-mouse Ab (Promega) was employed as the secondary Ab. The color reaction used 5-bromo-4-chloro-3-indolylphosphate and nitro blue tetrazolium as substrates.
Metabolic Labeling. COS-7 cells transfected with FLAG-AFX were cultured for 1 h in phosphate-free DMEM supplemented with dialyzed FBS, and then metabolically labeled for 3 h with [ 32 P]orthophosphate (18 MBq per 6-cm dish). After treatment with wortmannin for 30 min, the cells were lysed. FLAG-AFX was immunoprecipitated and the immunoblot analysis was carried out by using the anti-FLAG Ab as described above. The 32 P radioactivity incorporated into FLAG-AFX was determined by a BioImaging Analyzer (BAS-2000; FUJIX, Tokyo).
In Vitro Phosphorylation of AFX-GFP. Sf-9 cells were coinfected with the baculovirus vectors of GST-PKB␣ and the p110␣ subunit of PI 3-kinase. GST-PKB␣ showing a high protein kinase activity was purified from the cell lysate by affinity chromatography on a glutathione-Sepharose (Pharmacia) column (29) . AFX-GFP and the mutant proteins were immunoprecipitated from the transfected CHO-K1 cells, which were pretreated with wortmannin (Sigma) at 1 M for 30 min. The reaction mixture (25 l) containing 20 mM Tris⅐HCl (pH 7.5), 10 mM MgCl 2 , 20 M ATP, 15-50 kBq of [␥-32 P]ATP, 100 ng of GST-PKB␣, and AFX-GFP or each mutant protein was incubated for 30 min at 30°C. The phosphorylation reaction was stopped by the addition of SDS sample buffer. The phosphorylated proteins were separated by SDS/PAGE and visualized by using the Bio-Imaging Analyzer.
Observation of AFX-GFP Translocation. CHO-K1 cells transfected with AFX-GFP or its mutants were spread onto glass-bottom culture dishes (MatTek, Ashland, MA) and maintained for at least 16 h before observation. The culture medium was replaced by a buffer composed of 5 mM Hepes (pH 7.3), 135 mM NaCl, 5.4 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , and 10 mM glucose. The cells were then treated with either wortmannin or LY294002 (Sigma). These PI 3-kinase inhibitors were dissolved in DMSO, and the final concentrations of DMSO in the culture buffer were 0.01% and 0.1% for wortmannin and LY294002, respectively. The fluorescence of the proteins was monitored with a confocal laser scanning fluorescent microscope (model LSM 410 invert; Zeiss) at 488-nm argon excitation by using a 515-nm long-pass barrier filter as described (22, 30) . Where indicated, transfected CHO-K1 cells were infected with the adenovirus vector and cultured for 24 h and then spread onto glass-bottom culture dishes for microscopic observation.
Flow Cytometry. The cells were fixed with 70% ethanol on ice for 20 min, treated with RNase A (0.5 g/ml) for 20 min, and stained with propidium iodide (50 g/ml). DNA distribution in the cells was analyzed by flow cytometry (Cyto ACE-300; Jasco, Tokyo) by using a 640-nm long-pass filter for propidium iodide (31) .
Results
Phosphorylation of AFX in Vivo and in Vitro. AFX has three putative phosphorylation sites for PKB, Thr-28, Ser-193, and Ser-258 (10, 14, 15) (Fig. 1A) . In the presence of FBS, FLAG-AFX was recovered as a phosphoprotein from the transfected COS-7 cells metabolically labeled with [ 32 P]orthophosphate, and the treatment of the cells with wortmannin, a potent inhibitor of PI 3-kinase, eliminated the phosphorylation (Fig. 1B) . FLAG-AFX was detected as a doublet by immunoblot analysis, and both of these two bands were clearly phosphorylated. When treated with wortmannin, the upper band disappeared and only the lower band of FLAG-AFX was recovered. The upper band presumably represents a multiply phosphorylated form of AFX (20) . To study in vitro phosphorylation of AFX and its intracellular localization as described below, AFX-GFP was constructed and expressed in CHO-K1 cells (Fig. 1C) . To confirm whether AFX is directly phosphorylated by PKB, AFX-GFP and its mutant proteins in which the putative phosphorylation sites are replaced by Ala were expressed and immunoprecipitated from the lysates of the transfected cells (Fig. 1D) . Prior to preparation of the lysates, the cells were treated with wortmannin to prevent PI 3-kinase-dependent phosphorylation of the fusion proteins. AFX-GFP and its mutant proteins thus isolated were separately incubated with PKB in vitro in the presence of [␥-32 P]ATP. The results showed that AFX-GFP was efficiently phosphorylated by PKB, whereas the triple mutant of AFX-GFP did not serve as a substrate of PKB (Fig. 1D) . The mutant proteins with one of the three phosphorylation sites replaced were still phosphorylated by PKB, but to lesser extents. It may be concluded that PKB phosphorylates all of the three sites, but not other amino acid residues in AFX.
Nuclear Translocation of AFX Induced by PI 3-Kinase Inhibitors. In the next set of experiments, the intracellular localization of AFX was investigated by using its fusion protein with GFP. Transfection of the DNA construct in CHO-K1 cells resulted in the expression of AFX-GFP with an approximate molecular mass of 83 kDa, corresponding to the calculated molecular mass of 80,442 Da (Fig. 1C) . Analysis of the cells cultured with 10% FBS under the confocal fluorescence microscope revealed that AFX-GFP is located in the cytoplasm but not in the nucleus (Fig. 2) . If, however, the cells were treated with wortmannin at 200 nM, the fusion protein was found in the nucleus. The nuclear localization was maximal at 25-30 min, and the protein was returned to the cytoplasm 60 min after the treatment (Fig. 2 A) . The transient nuclear translocation of AFX-GFP is probably due to the fact that wortmannin is metabolically unstable and rapidly disappears from the culture medium within 1 h (32, 33) . A similar nuclear translocation of AFX-GFP was observed after treatment of the cells with LY294002, another PI 3-kinase inhibitor, at 10 M (Fig. 2B ). This inhibitor is more stable than wortmannin (32, 33) and caused sustained nuclear localization of AFX-GFP. LY294002 was added to the culture medium in a DMSO solution, and the high concentration of DMSO made the cell shape round. However, the AFX-GFP protein remained intact during the entire period of experiments, as judged by the immunoblot using the anti-GFP Ab, indicating that the fluorescence observed under the microscope reflects the localization of AFX-GFP.
Phosphorylation and Nuclear Translocation of AFX.
Further evidence for the role of phosphorylation of AFX in its intracellular localization was provided further by the fact that the triple mutant of AFX-GFP was detected exclusively in the nucleus (Fig. 3) . Wortmannin did not affect the subcellular localization of the triple mutant. The point mutant proteins, T28A, S193A, or S258A, remained largely in the nucleus, but some fluorescence was detected in the cytoplasm, supporting the notion that all of the three potential phosphorylation sites equally take part in regulating the intracellular localization of AFX.
Localization of AFX in Cells Expressing PI 3-Kinase and PKB Mutants.
Infection of mammalian cells with the adenovirus vector of the dominant-negative form of PI 3-kinase (⌬p85) and PKB (PKB-AA) has been shown to suppress the activity of endogenous PI 3-kinase and PKB, respectively (25) . On the other hand, a constitutively active form of PKB was established by adding a myristoyl signal to the NH 2 terminus of PKB (Myr-PKB) as described (26, 34) . These recombinant proteins were coexpressed in CHO-K1 cells by using adenovirus vectors as shown by immunoblot analysis (Fig. 4A) , and thus, the intracellular localization of AFX-GFP was explored in cells infected with these adenovirus vectors. AFX-GFP was located in the nucleus in the cells expressing either the dominant-negative form of PI 3-kinase (⌬p85) or PKB (PKB-AA) (Fig. 4B) , whereas the fluorescent protein was found in the cytoplasm in the cells infected with the control virus expressing ␤-galactosidase (AxCALacZ) (Fig. 4C) . In contrast, AFX-GFP was always found in the cytoplasm, when the cells were infected with adenovirus vector of the constitutively active form of PKB (Myr-PKB), and wortmannin did not induce the nuclear translocation (Fig. 4C) . The results indicate that AFX is phosphorylated by PKB kept in the cytoplasm and that dephosphorylation of this transcription factor triggers its nuclear translocation.
DNA Fragmentation in Cells
Expressing AFX or Triple Mutant. AFX and FKHRL1 bind to the insulin-responsive element (16, 20) . This element has been identified in the promoter of several genes that are repressed by insulin and sensitive to PI 3-kinase. FKHRL1 also binds to the promoter of Fas ligand gene, and its expression by FKHRL1 binding promotes cell apoptosis (16) . It is possible that one of the anti-apoptotic signals in the PI 3-kinase/PKB pathway may be mediated by phosphorylation, resulting in the inhibition of the Forkhead family transcription factors. The target genes of AFX in the survival signaling pathway have not been identified, but it is plausible that AFX has a role in the regulation of apoptosis analogously to FKHRL1. In fact, DNA fragmentation was induced when CHO-K1 cells expressing AFX-GFP were treated with LY294002 for 24 h (Fig. 5) . The active form of PKB suppressed this DNA fragmentation (data not shown). Triple mutant AFX-GFP, which persistently stays in the nucleus, enhanced DNA fragmentation without addition of PI 3-kinase inhibitor. The results strongly suggest that AFX is involved in cell survival and that the nuclear translocation of AFX is sufficient to induce apoptosis.
Discussion
With NIH 3T3 cells overproducing insulin receptor, Kops et al. (20) have recently shown that AFX is phosphorylated by PKB in vitro and in vivo, and that Ser-193 and Ser-258, but not Thr-28, are major sites of phosphorylation of this transcription factor. The authors also propose that an additional site of AFX is phosphorylated in a Ras-dependent but PI 3-kinase-independent mechanism, and predict that Ral-GEF, a GDP/GTP exchange factor of Ral, may take part in this insulin signaling pathway. The present study showed that, in CHO-K1 cells, the phosphorylation of AFX was totally blocked by PI 3-kinase inhibitor, and that Thr-28 was most likely an additional target site of PKB, suggesting that the PI 3-kinase/PKB pathway seems to be a major, if not the only, route of AFX phosphorylation in this cell line. This discrepancy is presumably because of differences of the cell lines employed by these two research groups, reflecting distinct links of the two signaling molecules, namely PI 3-kinase and Ras (20, 35) . In fact, in our separate experiment with a truncated AFX protein having amino acid residues 1-192 fused with GFP, this mutated protein was mainly present in the cytoplasm. If, however, Thr-28 was replaced by Ala, then the resulting truncated protein was detected in the nucleus. Thus, Thr-28 may also take part as well during the nuclear import and export of the transcription factor AFX. This is consistent with the recent findings that the Thr residues located in the NH 2 terminal portion of the FKHR-related transcription factors, Thr-32 in FKHRL1 (16), Thr-24 of FKHR (17, 18) , and Thr-24 of FKHR1 (13) , are deeply involved in their insulin-dependent translocation processes.
For FKHR1, the regions responsible for its nuclear translocation and return to the cytoplasm have been investigated (13) . The regions of amino acid residues 147-251 and 347-380 of FKHR1 are required for the nuclear import and export of the protein, respectively. The former includes the Forkhead domain, and the latter contains a Leu-rich sequence at amino acid residues 368-377 (MENLLDNLNL). Perhaps export of AFX from the nucleus may be regulated in a manner analogous to FKHR1, because AFX also has a Leu-rich sequence in amino acid residues 300-309 (GLELL-DGLNL) (14) . It is important to investigate the role of these regions in the nuclear import and export processes of AFX regulated by its reversible phosphorylation. The phosphorylated FKHRL1 has been shown to bind to 14-3-3 proteins, which recognize phosphoserine and phosphothreonine residues and the protein complex stays in the cytoplasm (16) . Nuclear factor of activated T cells (NFAT), another transcription factor family, translocates to the nucleus after dephosphorylation (36) , and the dephosphorylated NFAT associates with an exportin protein Crm1 in the nucleus (37) . It is attractive to surmise, then, that some binding proteins specific to the phosphorylated and dephosphorylated forms of AFX may be involved in the regulation of its intracellular movement. However, the transcriptional activity of AFX may be independent of its phosphorylation reaction per se, because the triple mutant of AFX, which stays persistently in the nucleus, induces DNA fragmentation as the triple mutant of FKHR does (18) . Further studies are needed to clarify the mechanism of the nuclear transport and export as well as the transcriptional regulation of these Forkhead transcription factors.
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